Although the Unruh effect can be rigorously considered as well tested as free quantum field theory itself, it would be nice to provide an experimental evidence of its existence. This is not easy because the linear acceleration needed to reach a temperature 1 K is of order 10 20 m/s 2 . Here, we propose a simple experiment reachable under present technology whose result may be directly interpreted in terms of the Unruh thermal bath. Instead of waiting for experimentalists to perform it, we use standard classical electrodynamics to anticipate its output and fulfill our goal.
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Introduction: In 1976 Unruh unveiled one of the most interesting effects of quantum field theory according to which linearly accelerated observers with proper acceleration a = constant in the Minkowski vacuum (i.e., no-particle state for inertial observers) detect a thermal bath of particles at a temperature [1] (see also note [2] )
T U = a /(2πk B c).
(
This was the completion of Fulling's discovery that inertial and uniformly accelerated (Rindler) observers would extract distinct particle contents from the same field theory [4] and came to clarify Davies' 1975 result [5] . The rather nonintuitive content carried by the Unruh effect, namely, that inertial observers in Minkowski vacuum would freeze at 0 K while accelerated ones would burn at high enough proper accelerations, was missed at first by many, including Bisognano and Wichmann, who obtained it independently [6] but seemingly did not realize it up to 1982, when Sewell connected their theorem to the Unruh effect [7] . By 1984 (after the publication of Unruh and Wald's Ref. [8] ), it should have become clear that the Unruh effect is necessary to keep the consistency of field theory in uniformly accelerated frames and does not require any more experimental confirmation than free quantum field theory does. But sporadic claims that the Unruh effect does not exist or, more often, lacks observational confirmation have motivated the quest for experimental evidences which could settle the issue. This is not easy, however, because the linear acceleration needed to reach a temperature 1 K is of order 10 20 m/s 2 [9, 10] . Bell and Leinaas were the first to go into this by trying to explain the electron depolarization in storage rings in terms of the Unruh effect [11] . They achieved partial success because the Unruh effect is derived for uni- * Electronic address: cozzella@ift.unesp.br † Electronic address: andre.landulfo@ufabc.edu.br ‡ Electronic address: matsas@ift.unesp.br § Electronic address: vanzella@ifsc.usp.br formly accelerated observers who are associated with a time-translation symmetry, namely, the boost isometry, rather than for circularly moving observers who cannot be connected to any analogous global time-translation symmetry. Another proposal relied on the decay of accelerated protons [12] . It was shown that Rindler observers need the Unruh effect to understand the decay of uniformly accelerated protons [13] - [14] . Unfortunately (for us -particle physicists may disagree), the proton lifetime in actual accelerators is too long, rendering this observation (on Earth) virtually impossible [15] . Under typical accelerations at the LHC/CERN, the proton lifetime would be 10
3×10
8 yr! A more promising strategy consists of seeking for fingerprints of the Unruh effect in the radiation emitted by accelerated charges. Accelerated charges should back react due to radiation emission, quivering accordingly. Such a quivering would be naturally interpreted by Rindler observers as a consequence of the charge interaction with the photons of the Unruh thermal bath [16] - [17] . The scattering of Rindler photons by the charge in the accelerated frame would correspond in the inertial frame to the emission of pairs of correlated photons [18] . The observation of such a signal could be assigned to the existence of the Unruh thermal bath. The difficulty with these proposals lies on the dependence on ultraintense lasers and they have never been realized. It happens, however, that the usual Larmor radiation which does not require paramount accelerations, for it is related to the emission probability of single photons, is already enough to unveil the existence of the Unruh effect as follows [19] : each photon emitted by a uniformly accelerated charge, as described by inertial observers, corresponds to either the emission or absorption of a zero-energy Rindler photon to or from the Unruh thermal bath, respectively. Thus, the very observation of the Larmor radiation can be seen as a signal of the Unruh effect. The fact that a quantum effect [note the in Eq. (1)] may be verified through a classical phenomenon might sound strange at first but there is no reason for preoccupation once one notes that the in the thermal factor
associated with the Unruh thermal bath of Rindler particles with energy ω R , cancels out (see Ref. [20] for a comprehensive discussion). For some reason, however -perhaps because the reasoning above involves the unfamiliar concept of zero-energy particles or because the calculation required a certain regularization -, this result did not turn out convincing enough to settle the issue and papers disputing the existence of the Unruh effect can still be seen (see, e.g., Ref. [21] and references therein).
In the present paper we suggest a simple laboratory experiment which should be enough to make it clear that the Unruh effect lives among us. The idea is to consider a phenomenon as simple and technically feasible as in Ref. [19] and, at the same time, free of unfamiliar concepts and technical subtleties, thus avoiding unnecessary concerns. In order to make our strategy clear, we state the experiment in the uniformly accelerated frame and analyze it assuming we are Rindler observers immersed in a thermal bath of Rindler particles with temperature T . Then, we use our results to guide experimentalists (in inertial laboratories) about what they should seek to allege the observation of the Unruh effect. According to the Unruh effect, T must equal T U given in Eq. (1) but we shall leave T as a free parameter to be measured by the inertial experimentalists by fitting the data. However, rather than sitting back and waiting for experimentalists to confirm the prediction T = T U , we proceed to a straightforward calculation in the inertial frame, using standard electrodynamics, to confirm it by ourselves. This must be seen as a virtual observation of the Unruh effect unless one doubts standard electrodynamics.
We adopt metric signature (+, −, −, −) and units where G = c = k B = 1, unless stated otherwise.
The physical problem: The goal posed by Rindler observers will be to calculate the photon emission rate from a circularly moving charge with constant angular velocity as defined by them, assuming that the electromagnetic (radiation) field is in the Minkowski vacuum, |0 M , which they perceive as a thermal state due to the Unruh effect. Our Rindler observers will be chosen to be a congruence at the (right) Rindler wedge, i.e., the z > |t| portion of the Minkowski spacetime, where (t, z, r, φ) are the usual cylindrical coordinates. By covering the Rindler wedge with (λ, ξ, r, φ) coordinates, the line element can be written as ds
, where λ, ξ ∈ (−∞, +∞) are given by
and a = constant > 0. Each Rindler observer will be labeled by constant values of ξ, r, and φ with corresponding proper acceleration ae −aξ . A circularly moving charge q with mass m q and worldline ξ = 0, r = R, and φ = Ωλ, with R, Ω = constants, has 4-velocity components
giving rise to the electric 4-current
Thus, the only free parameters are R, Ω, and a,
where a is the proper acceleration of the Rindler observers at the plane ξ = 0. The Lagrangian density of the electromagnetic field A µ willl be
2 , leading to the following field equations [19] :
in the Feynman gauge, α = 1. The four independent solutions A
of Eq. (6) comprise the two physical modes labeled by = 1, 2 and the pure gauge and nonphysical ones labeled by = 3 and 4, respectively, with k ⊥ , ω R ∈ [0, +∞), and m ∈ Z being the remaining quantum numbers.
The physical modes, which must satisfy the Lorenz condition ∇ µ A µ = 0 and not be pure gauge, are
where
and we have chosen the constant
1/2 to guarantee that Eqs. (7) and (8) are properly Klein-Gordon orthonormalized. (We recall that pure gauge and nonphysical modes can be chosen orthogonal to the physical ones.)
Let us define the electromagnetic field operator aŝ
where we have used the shortcut (i) ≡ ( , m, k ⊥ , ω R ). The annihilationâ . The current will couple to both physical polarizations. The emission and absorption photon number distribution for fixed m and transverse "momentum" (wave number) k ⊥ , per Rindler observers' proper time interval ∆τ R , at the tree level, are
and
with |A R em
and the Bose-Einstein thermal factors in Eqs. (10) and (11) are present because of the thermal bath in the accelerated frame. However, instead of setting T = T U ≡ a/(2π), as would be enforced by the Unruh effect, here we leave T as a free, independent parameter to be set by fitting the data measured in the inertial laboratory. (Note, from the amplitudes above, that were the charge linearly accelerated, Ω = 0, the current would only interact with zero-energy Rindler photons ω R = 0 [19] .) The corresponding total distribution rate (i.e., emission plus absorption) is computed to be
where we have used Eqs. (4), (7)- (8), and (9) in Eqs. (10) and (11), " " means derivative with respect to the argument and Θ(m) ≡ 0, 1/2, and 1 for m < 0, m = 0, and m > 0, respectively. Now, Rindler observers are ready to propose a laboratory experiment to be run by inertial experimentalists and predict its output as a function of the free parameter T . The confirmation of the equality T = T U should be seen as an as-direct-as-possible verification of the Unruh effect by an inertial-lab-based experiment.
The inertial-laboratory experiment: Let us set a pair of homogeneous and constant electric, E z = m q γa/q, and magnetic, B z = −m q Ωγ/q, fields defined by the free parameters (5) along the z direction. Then, a charge q is injected with transverse and longitudinal velocity components, v ⊥ and v , respectively, in such a way that its 4-velocity u α -satisfying the Lorentz law of force m q u β ∇ β u α = qF α β u β -is given by Eq. (3) [22]. In the usual cylindrical coordinates, (t, z, r, φ) with the z axis aligned with the 3-acceleration of the Rindler observers, the Minkowski line element is ds
Electrons are injected with velocity v in a cylinder containing suitable electric, E z , and magnetic, B z , fields. Radiation is released near the center from an open window, which is surrounded by electromagnetic detectors lying on a sphere. This allows us to obtain the radiation spectral decomposition from which dN
, sinh(aλ), 0, Ω), and
A prototype experimental apparatus is shown in Fig. 1 , where a sub-picosecond charged bunch containing ∼ 10 7 electrons [23] is injected in a cylinder containing E z and B z . The radiation released near the center (where the charges are assumed to make the U turn) through an open window of length L is collected by detectors set on a sphere with radius R S L. Since the charges emit radiation at typical wavelengths λ ∼ 1/a tot , where The relevant quantity to be measured by the inertial experimentalists is the spectral-angular distribution
of the emitted energy E. From this and the one-photon relation E = ω, we get the corresponding photon number:
which leads to the k ⊥ -distribution of radiated photons
. This is the quantity for which the uniformly accelerated observers can make a prediction, for, according to the Unruh effect [8] , each emission of a Minkowski photon according to inertial observers corresponds to the absorption or emission of a Rindler photon from or to the Unruh thermal bath, respectively [28] . Therefore, the validity of the Unruh effect demands
The proportionality sign appears because the total number of photons depends on how long the experiment is run. In Fig. 2 , we plot the right-hand side of Eq. (12) summed in m for different values of T . The prediction given in Eq. (16) is represented by the solid-line curve (T = T U ). We must keep in mind that due to finitesize effects coming from the window, greater experimental care must be taken in the region k ⊥ 1/L. Virtual confirmation of the Unruh effect: Rather than waiting for experimentalists to confirm the prediction (16), here we perform a classical-electrodynamics calculation to prove it -to the extent one trusts classical electromagnetism. The spectral-angular distribution I(ω, θ, φ) is expressed in terms of the angular distribution of the radiated electric field E rad (t, θ, φ) [27]:
For our accelerated point-like charge, Eq. (17) can be written as (see, e.g., Ref.
[27])
with
where r q (λ) = R cos(Ωλ)î + R sin(Ωλ)ĵ + a −1 cosh(aλ)k is the charge trajectory ({î,ĵ,k} being the usual Cartesian versors),r gives the observation direction, and
The integrals in Eq. (19) can be solved by using
for α = 0, ±1 and Ξ ± ≡ 1 ± cos θ [29], combined with relations [31] 
Then, by using Eq. (18) into Eq. (14), we obtain
Finally, by integrating it in k z and performing the re-
(23) This concludes our proof of Eq. (16) . The fact that the term between parentheses diverges is because the calculation above assumed a charge accelerating for infinite time, in which case an infinite number of photons is emitted for fixed k ⊥ element. In real experiments no divergence appears. We note that Eq. (16) fits nicely real experiments with finite windows provided a tot 1/L [32] .
Conclusions:
We have proposed a simple experiment where the presence of the Unruh thermal bath is codified in the Larmor radiation emitted from an accelerated charge. Then, we carried out a straightforward classicalelectrodynamics calculation to confirm it by ourselves. Unless one challenges classical electrodynamics, our results must be virtually considered as an observation of the Unruh effect. [26] Using Larmor formula, we see that for these parameters, the charged bunch will emit ∼ 10 × L/(1 m) GeV, which is small even when compared to the fraction of the total kinetic energy carried in the form of rotational energy of the bunch, ∼ 10 4 GeV. 
